The recently cloned rat vanilloid receptor, VR1, can be activated by capsaicin, acid, and heat. To determine the molecular mechanisms facilitating channel opening in response to these stimuli, VR1 and six channels containing charge neutralization point mutations surrounding the putative channel pore domain were expressed and characterized in Xenopus laevis oocytes. Steady-state doseresponse relationships, current-voltage relationships, ionic selectivities, and single-channel properties were recorded using voltage-clamp techniques. Three of the mutant channels are significantly more sensitive to capsaicin than is wild-type VR1, whereas none differed in their activation by acidic pH or temperature. Furthermore, one of the mutants has lost all positive cooperativity for capsaicin activation (Hill coefficient Х 1, VR1 Х 2), is much more selective for Ca 2؉ , and exhibits a lower efficacy for acid than for capsaicin activation. Single-channel recordings show that capsaicin-and acid-activated channels have the same conductance, that the three mutants with increased capsaicin sensitivity exhibit higher open probabilities at submaximal capsaicin concentrations, and that the gating properties of capsaicin activation differ from those of acid activation. These data indicate that VR1 undergoes conformational changes upon capsaicin binding that it does not undergo in response to activation by protons or thermal stimuli. Furthermore, these structural rearrangements include the putative pore domain and reveal the location of an intracellular domain that contributes to the positive cooperativity seen for capsaicin activation.
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capsaicin ͉ vanilloids ͉ pain ͉ pH ͉ heat ͉ VR1 C apsaicin, the primary pungent compound in ''hot'' chili peppers, produces pain and inflammation when placed on skin or mucus membranes. These responses are a consequence of capsaicin activating nonselective cation channel receptors within C and A␦ nociceptors and inducing the release of peptides and other transmitters from their peripheral and central terminals (1) . Although a number of reports have demonstrated the existence of capsaicin receptors in sensory neurons (2, 3) , the cloning of rat vanilloid receptor 1 (VR1) (4) was a breakthrough in understanding their properties and physiological functions (3, 5) . VR1 subunits have now been identified in peripheral and central terminals of neurons in sensory ganglia (1, 3, 4, 6, 7) . Electrophysiological studies of expressed VR1 receptors show that they are activated independently by capsaicin (EC 50 ϭ 0.7 M), acid (pH 50 ϭ 5.4), and elevated temperatures Ն 43°C (3, 6) . These conditions are similar to those found in some physiological states (2, 3, 8) . Further findings were that two or more of these activation pathways can act in concert to increase the sensitivity of VR1 receptors to any one stimulus (6, 8) . To determine protein domains important for the activation of VR1 by capsaicin, protons, and heat, we constructed a number of VR1 point mutants and measured their responsiveness to these three activators. We found that mutations near the pore of VR1 channels can alter capsaicin activation properties, without changing proton and temperature activation properties. A preliminary report of these results has been published (9).
Materials and Methods
Site-Directed Mutagenesis and mRNA Synthesis. The VR1 cDNA in the pcDNA3 vector (Invitrogen) was a generous gift from Dr. David Julius (UCSF) (4). Site-directed mutagenesis was performed using the QuikChange Kit (Stratagene). Base substitutions were confirmed by automated DNA sequencing, and RNA was prepared in the presence of cap analog with the Ambion Megascript Kit (Austin, TX).
Oocyte Electrophysiology: Two-Electrode Voltage Clamp. Female Xenopus laevis were obtained from Nasco (Fort Atkinson, WI). Oocytes were surgically removed and defolliculated as described previously (10) . Cells were voltage-clamped near the chloride equilibrium potential (Ϫ25 mV) to minimize the contribution of endogenous Ca 2ϩ -activated Cl Ϫ channels. To reduce Ca 2ϩ -dependent receptor desensitization (4), oocytes were bathed in a Ca 2ϩ -free buffer containing 1 mM MgCl 2 and 0.1 mM BaCl 2 . For low pH experiments, the following buffers were used: Homopipes, pH 4.5-5.0; Mes, pH 5.0-6.5; and Hepes, pH 6.5-7.6. For experiments involving the relative efficacy of currents activated by protons and capsaicin, only one stimulus was applied to each oocyte. For experiments testing thermal responsiveness, the temperature of the recording solution in the buffers was controlled with an in-line SH-27A heater and a TC-324B temperature controller (Warner Instruments, Hamden, CT). For ion selectivity experiments holding potentials were changed in 10-mV steps in the presence and absence of 10 M capsaicin, and background currents were subtracted. Extracellular solutions contained (in mM) either 120 Na-gluconate, 120 Kgluconate, 154.5 Mg-gluconate, or 182.4 Ca-gluconate, and 1 MgCl 2 , 10 Hepes (pH 7.6). Permeabilities relative to K ϩ were calculated (11), assuming bi-ionic conditions with an intracellular K ϩ concentration of 115 mM. For each condition experiments were repeated three to six times in separate oocytes. and 10 Hepes adjusted to pH 7.6. For investigations at pH 5.3, O͞O patches were used. The bath solution contained 120 mM NaCl, 2 mM KCl, 2 mM MgCl 2 , 1 mM EGTA, and 10 mM Mes. The pipette solution was the same, except that Hepes replaced Mes and the pH was 7.6.
Results

VR1
Activation by Capsaicin, Protons, and Thermal Energy. To determine the role of the putative VR1 pore domain in the activation of this channel by capsaicin, protons, and heat, we prepared six VR1 point mutants ( Fig. 1 ) and compared their functional properties to those of wild-type VR1 channels. The activation properties of channels in response to capsaicin or pH were determined using a two-pulse activation protocol. The data in Fig. 2 A and B show that two sequential applications of a maximal capsaicin concentration (10 M) or pH change (pH 4.5) evoke large nondesensitizing currents of the same magnitude. This two-pulse protocol is thus used to construct dose-response data by normalizing the first (test) concentration of agonist to the second (maximal) agonist response. The activation time constants (0.9 Ϯ 0.2 s, n ϭ 6) are similar for the first two capsaicin applications, whereas deactivation time constants change, being approximately 25 s for the first pulse and slower (Ͼ35 s) for the second pulse. To reduce use-dependent changes in capsaicin and acid responsiveness, agonists were usually applied for the minimum time required for currents to reach steady state. After agonist application, a 5-10 min of washing permitted full recovery from either a pulse of 10 M capsaicin or from a pulse of pH 4.5 buffer. Fig. 2B also shows that the kinetics of pH-mediated currents differ significantly from those produced by 10 M capsaicin (Fig. 2 A) . Activation kinetics are biphasic, showing a large rapid component (time constant ϭ 4.0 Ϯ 0.8 s, n ϭ 5) followed by small component with slower kinetics. Upon wash a transient inward current is evoked that precedes a rapid current deactivation (time constant ϭ 3.2 Ϯ 0.3 s, n ϭ 6). Both the activation and deactivation kinetics are virtually identical for the first and second pulses of pH 4.5 buffer.
The responses of VR1 channels to increases in temperature are shown in Fig. 2C . A temperature ramp from about 23°C to 48°C applied over a span of 60 s (lower trace) produces an inward current in VR1-injected oocytes (upper trace), but not in control oocytes (not shown). A large current increase is observed once the temperature reaches a threshold value, near 43°C (vertical (4, 6, 13) . Above T th the current increases by e-fold approximately every 1.3°C, corresponding to a Q 10 of 20.6, similar to sensory neurons (7, 8, 14) . When the temperature of the perfusate was decreased from 48 to 25°C, the current's temperature dependence (I o ) decreased to 5-8°C per e-fold change in current (Fig. 2D Inset) .
Capsaicin Activation in VR1 Point Mutants. To determine the contribution of selected VR1 extracellular and pore-domain amino acids in the activation by capsaicin, protons, and temperature, we generated the following VR1 charge neutralization mutations (see Fig. 1 ): E536Q, E610Q, E636Q, D646N, E648Q, and E651Q. The E536Q mutation is presumably extracellular, located within the S3-S4 linker, and all of the other mutations are located near the putative pore region of VR1 (Fig. 1) . The capsaicin dose-response data for VR1 and three mutants is shown in Fig. 3 . Three of the six VR1 mutants tested, E636Q, D646N, and E648Q, have a 3-fold greater sensitivity to capsaicin than do VR1 channels ( Fig. 3 A and B) . Raw data records demonstrate that, whereas VR1 receptors are approximately half-activated by 1 M capsaicin, VR1-E648Q receptors are nearly maximally activated (Fig. 3A) . Dose-response data for E536Q, E610Q, and E651Q are not significantly different from those for VR1 (data not shown). The lines in (4, 13, 15) . One of the mutants, E636Q, exhibits a further novel phenotype in that the positive cooperativity observed in VR1 and the other point mutants is abolished.
To determine whether any of these charge neutralization mutations near the pore altered the voltage dependence of channels, I͞V relationships of capsaicin-activated currents were measured (Fig. 3C) . With the exception of a small rectification found for the E636Q mutant, VR1 and the other mutants are ohmic over the voltage range measured. For all channel constructs, the maximal pH response is less than the maximal capsaicin response (Fig. 4A Lower) . The relative efficacy of the currents for VR1 in oocytes was I H ϩ ͞I cap Х 0.7. By comparison, in HEK 293 cells I H ϩ ͞I cap Х 0.45 (13) . Differences in raw current values are likely due to variability in protein expression because the single-channel properties of the mutants are similar to those of VR1 (Figs. 5 and 6 ). Fig. 4B shows the pH dose-response data for VR1 and the six channel constructs. For wild-type VR1 receptors pH 50 ϭ 5.2, and the Hill slope is 1.8, in agreement with previous experiments (6, 13) . Best fits to the pH current-response curves for the six point mutants (n Ն 8 independent oocytes) are not significantly different from the pH dependence of VR1 (Fig. 4B , P Ͼ 0.05).
Ion Selectivity of VR1 Mutants. . Similar results were found in HEK 293 cells (4) . None of the mutants exhibit significant selectivity differences between Na ϩ and K ϩ . The largest permeability changes were found for the mutants E648Q and E636Q, which, compared with VR1, exhibit 3-and 7-fold higher Ca 2ϩ ͞K ϩ permeability ratios (7.9 and 17.6), respectively.
Temperature Dependence of VR1 Mutants. The elegant work of Tominaga et al. (6) revealed that VR1 becomes activated at the same temperature that elicits responses from a subset of smalland medium-diameter nociceptive neurons (3, 7, 16, 17) . Surprisingly, our data indicate that none of these six charge neutralization mutants have a different temperature dependence (e-fold change in current per 1.3°C) or T th [VR1: 43.8 Ϯ 0.9°C (n ϭ 12); E648Q: 43.5 Ϯ 1°C (n ϭ 8); E636Q: 43.2 Ϯ 0.6°C (n ϭ 9); D646N: 41.8 Ϯ 0.9°C (n ϭ 7)] from that of VR1 (Fig. 1D , data not shown).
Single-Channel Analysis of VR1 and Mutants. The single-channel properties of VR1 and VR1 point mutations activated by either capsaicin (Fig. 5) or acidic solutions (Fig. 6) were measured using patch-clamp analysis. In the presence of capsaicin, VR1, VR1-E636Q, and VR1-E648Q were found to have the same fully open single-channel conductance of Х100 pS at ϩ80 mV (Fig. 5) . The traces in Fig. 5 (Fig. 7) . The gating properties of VR1 channels activated by pH 5.3 are quite distinct from those of the capsaicin-activated channels (Fig. 6) . Mutants E636Q and E648Q were analyzed using all-points histogram analysis (Fig. 7) at 0.1 M capsaicin for E636Q and 0.5 M capsaicin for E648Q, because at these concentrations the mutants differ significantly from VR1 (see Fig. 3B ). The mutants were also compared with VR1 at 10 M, the maximal capsaicin concentration. The mean open probabilities (P o ) are 0.32 (E636Q) and 0.03 (VR1) for 0.1 M capsaicin and 0.56 (E648Q), compared with 0.23 (VR1) for 0.5 M capsaicin (n ϭ 4). At these two capsaicin concentrations, both mutants had significantly greater P o values than VR1 (P Ͻ 0.005). For 10 M capsaicin, the mean P o values of the two mutants were not significantly different (P o ϭ 0.78; E636Q and P o ϭ 0.71; E648Q) from one another or from VR1 (P o ϭ 0.70) (P Ͼ 0.4 in both cases; n ϭ 3-8). These experiments show agreement between the open probabilities obtained from single-channel recordings compared with macroscopic currents obtained from two-electrode voltageclamp studies (Fig. 3B) , providing further evidence that the capsaicin sensitivity of E648Q is greater than it is for VR1. An additional finding is that in approximately 7% of all singlechannel records (4͞56 patch records), single channels with a conductance of only 50-75 pS were observed. This smaller conductance does not appear to be a filtering artifact, as the same conductance value was observed at 2-kHz and 5-kHz filter settings.
Discussion
Three distinct types of stimuli-capsaicin, acid, and heat-can induce pain and inflammation by activating polymodal nociceptive neurons. These neurons contain VR1 and VR1-like channels (4, 18) , and there is good evidence that VR1 (or VR1 variants) can act as a molecular integrator for these irritating stimuli in sensory neurons, as well as in Xenopus oocytes expressing VR1 receptors (6, 19) . The mechanisms by which these channels translate ligand binding, pH changes, and elevated temperatures into structural rearrangements leading to altered gating is not understood. To elucidate the molecular mechanisms leading from agonist binding altered gating, we have compared the activation properties evoked by capsaicin, pH, and temperature in VR1 and in six VR1 point mutants. Mutations were designed to neutralize glutamate (E) or aspartate (D) residues in or near the putative pore domain with glutamine (Q) or asparagine (N), which have previously been shown to alter pH activation in other ion channels (13, 20) . Surprisingly, none of these mutations altered the pH dose-response or heat-response relationships; however, three mutations significantly altered the activation properties in response to capsaicin and changed the activation and deactivation kinetics. Hence, our data indicate that the protein domains involved in the gating of capsaicin can be modulated independently from the domains involved in the gating by protons or by heat. Consistent with this model of independent activation pathways is data on dorsal root ganglion neurons showing that capsaicin activates VR1 channels only when it is applied to the intracellular side (21) , whereas protons activate VR1 from the extracellular side (4) . Further support for a model of separable activation pathways comes from the identification of VRL-1 receptors (18) . This receptor͞channel is homologous to VR1, but unlike VR1 it can only be activated by thermal stimuli and not by either capsaicin or protons. In single-channel recordings from intact neurons, channels have been identified that are activated by capsaicin but not by acid (pH 5.0) (7, 21) or by heat (50°C) (8) . Finally, a recent study of VR1 mutants also demonstrates that pore mutations alter the I H ϩ ͞I capsaicin ratio (13) . Taken together, these data imply that the vanilloid receptor family has independent gating mechanisms for capsaicin, protons, and heat.
It is of interest that the three point mutations with increased capsaicin sensitivity are in the putative pore domain (Fig. 1) . By analogy to other putative six-transmembrane channels such as CNG and K ϩ channels, the mutated residues are likely to be located extracellularly (E648Q, D646N) or intracellularly (E636Q). Although we are unable to differentiate mutations at the as yet undefined capsaicin binding site(s) and mutations at ''downstream'' transduction domains, it appears improbable that all three mutations are at the binding site. Jung et al. (21) have shown that the capsaicin-binding site is likely on the intracellular side of the membrane, whereas two of the tested mutations are located extracellularly. Hence, we propose that a region of the pore and possibly the sixth transmembrane domain transduces capsaicin binding to channel gating. Such a model is consistent with structural rearrangements described during the protonmediated activation of the Streptomyces K ϩ channel KCsA (22) .
Our data reveal that in addition to altering the sensitivity to capsaicin of two of the putative pore mutants (Fig. 3) , E636Q and E648Q have a much greater selectivity for Ca 2ϩ than for monovalent cations (Table 1) . Although VR1 channels are more selective for Ca 2ϩ than for monovalent cations (P Ca2ϩ ͞P Kϩ ϭ 2.9), for E636Q this ratio is 7-fold higher ( Table 1) . The P Ca2ϩ ͞P Kϩ ratio of 17.6 exceeds that for most ligand-gated channels and is similar to that of ␣7 nNAChRs (23) . Hence the above residues localize the selectivity filter of VR1 to a region just upstream of the sixth transmembrane domain, in a position similar to that of voltage-gated channels, CNG channels, and the corresponding domains of KCsA channels (22) . The finding that the E636Q mutation alters capsaicin dose-response parameters, relative efficacy, and selectivity indicates a reciprocal allosteric coupling between the capsaicin-binding site and the pore domain.
The single-channel analysis of VR1 and mutants shows that the increased sensitivity to capsaicin of the E636Q, D646N, and E648Q mutants revealed by macroscopic current analysis (Fig. 3) is observed as an increase in the P o (Fig. 5 ) and, specifically, as a decrease in the closed time component. Hence in the presence of capsaicin it appears that the closed state of the channel is stabilized to a greater extent than is VR1. The single-channel conductance of VR1 and all of the tested mutants is 90-100 pS at 80 mV, consistent with previously published values (4, 21, 24) . In contrast, single-channel records of capsaicin-activated channels in dorsal root ganglion neurons yield conductance values of 46 pS (at 60 mV) (25) and 20 and 46 pS at 60 mV (8) . Hence, at least some forms of capsaicin receptors in neurons differ significantly from VR1. It is likely that other VR1-like receptors remain to be identified, and͞or that native receptors in neurons exist as heteromultimers.
In summary, we have identified three amino acid residues localized near the putative pore of VR1 receptors that contribute to the activation pathway for capsaicin, without altering the sensitivity to protons or thermal stimuli. These residues are located both intracellularly and extracellularly and indicate a structural rearrangement surrounding the pore during channel activation by capsaicin. Mutations at some of these sites change channel selectivity, highlighting a reciprocal relationship between the capsaicin-binding site and a pore domain containing the selectivity filter.
